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ABSTRACT

We calculate the reverse shock (RS) synchrotron emission in the optical and the radio wave-

length bands from electron–positron pair-enriched gamma-ray burst ejecta with the goal of

determining the pair content of gamma-ray bursts (GRBs) using early-time observations. We

take into account an extensive number of physical effects that influence radiation from the

RS-heated GRB ejecta. We find that optical/infrared flux depends very weakly on the number

of pairs in the ejecta, and there is no unique signature of ejecta pair enrichment if observations

are confined to a single wavelength band. It may be possible to determine if the number of

pairs per proton in the ejecta is �100 by using observations in optical and radio bands; the

ratio of flux in the optical and radio at the peak of each respective RS light curve is dependent

on the number of pairs per proton. We also find that over a large parameter space, RS emission

is expected to be very weak; GRB 990123 seems to have been an exceptional burst in that

only a very small fraction of the parameter space produces optical flashes this bright. Also, it

is often the case that the optical flux from the forward shock is brighter than the RS flux at

deceleration. This could be another possible reason for the paucity of prompt optical flashes

with a rapidly declining light curve at early times as was seen in GRBs 990123 and 021211.

Some of these results are a generalization of similar results reported in Nakar & Piran.

Key words: radiation mechanisms: non-thermal – shock waves – methods: analytical –

gamma-rays: bursts – gamma-rays: theory.

1 I N T RO D U C T I O N

Since the discovery of the bright optical flash from GRB 990123

(Akerlof et al. 1999), many authors have considered this early af-

terglow emission as being due to the reverse shock (RS) passing

through baryonic ejecta from the explosion, as was predicted by

Sari & Piran (1999). If this early emission is indeed caused by the

RS passing through the ejecta, then this emission provides direct

information about the composition and magnetic field strength and

orientation in the material ejected from the inner engine, giving us

clues about the nature of the outflow and the inner engine itself.

Early optical afterglow data from GRBs 990123 and 021211 have

already been used to infer that the ejecta from these GRBs may

have been fairly highly magnetized baryonic ejecta (Fan et al. 2002;

Kumar & Panaitescu 2003; Zhang, Kobayashi & Mészáros 2003;

McMahon, Kumar & Panaitescu 2004).

Only the observations of GRBs 990123 and 021211 have ex-

hibited this steeply falling off early optical emission, while other

bursts observed in the optical so quickly following the burst have

exhibited either rising emission (GRB 030418), shallower fall-off

�E-mail: emcmahon@astro.as.utexas.edu

(GRB 021004), or no emission at all (Kehoe et al. 2001). There

have also been some Swift-detected bursts recently that have not ex-

hibited the steeply falling off emission expected from the RS (e.g.

GRB 050319; Rykoff, Schaefer & Quimby 2005) or optical/infrared

(IR) emission varying on very short time-scales, seemingly follow-

ing the activity of the central engine (GRB 041219a; Blake et al.

2005; Vestrand et al. 2005).1 There have also been some early opti-

cal upper limits from Swift of V ∼ 21 mag within minutes after the

burst (e.g. 050219a; Schady et al. 2005). This lack of observations

of the optical flash begs the question: are GRBs 990123 and 021211

unique? What is the reason for the lack of optical flashes? These

early upper limits on RS emission can provide information about

the ejecta and help to answer these questions.

In our previous paper (McMahon et al. 2004, hereafter MKP04),

we estimated the RS emission and break frequencies at deceler-

ation for a baryonic outflow for 10 bursts with burst parameters

determined from afterglow modelling (assuming deceleration time

is of the order of the burst duration, as occurs in GRB 990123). We

1 Note however, that the situation in GRB 041219a is not clear as the corre-

lation reported in Vestrand et al. (2005) should have been enhanced with a

further temporal division of the optical signal.
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determined that a possible reason for weak RS optical emission after

deceleration for most bursts is due to a cooling frequency below the

optical band at deceleration. Although the RS emission is expected

to be bright (R ∼ 10 mag) at deceleration, when the cooling fre-

quency drops below the observing band, no more emission from the

ejecta is observed, with the exception of off-axis emission which

falls off very quickly, as ∼1/t (2+p/2) ∼ 1/t3 (Kumar & Panaitescu

2000). However, now that it is possible to quickly follow up GRBs

with Swift UV/Optical Telescope (UVOT), we are not seeing any

bright optical flashes with this 1/t3 fall-off. This suggests that the

RS flux is suppressed for some reason.

In the calculation in MKP04, we assumed the ejecta was purely

baryonic. This may not be the case. If many e± pairs are present

in the ejecta (mixed with baryons), either ejected from the source

or created by dissipation during the GRB, or if the magnetic field

strength in the ejecta is very large (perhaps because the outflow was

Poynting flux dominated), the RS emission could be suppressed

significantly from the baryon-dominated picture. Pair enrichment

of the ejecta causes RS emission to be fainter than that expected

from completely baryonic ejecta, and a very high-ejecta magnetic

field is likely to weaken the RS as well; both scenarios provide

alternate possibilities for suppression of RS emission. It is useful

then to determine the defining characteristics of RS light curves

and spectra for a baryonic, lepton-enriched, or highly magnetized

ejecta, in order to distinguish between these possibilities when the

Swift satellite and other robotic telescopes accumulate more multi-

wavelength afterglow data at early times.

Pair enrichment of the ejecta has been looked at by Li et al.

(2003) and the case of highly magnetized ejecta has been inves-

tigated by Zhang & Kobayashi (2005). In this paper, we take an-

other look at pair enrichment; we take into account that the RS

is mildly relativistic, and also carry out a self-consistent cooling

and self-absorption calculation, which is necessary, since the ejecta

self-absorption frequency can be of the order of or greater than the

cooling frequency. Li et al. (2003) predicted a bright IR flash with

pair-enriched ejecta, as bright as that expected in the optical with

strictly baryonic ejecta; we find that the optical/IR flux levels at de-

celeration have very little dependence on the number of pairs. Also,

any change in spectral peak frequency or optical/IR flux at deceler-

ation due to pair enrichment can also arise if the microphysics pa-

rameters in the ejecta are changed, thus creating a highly degenerate

problem.

We first describe our model of RS emission and the new physics

we have added to the RS emission calculation (Section 2), then

discuss our results (Section 3). In Section 4, we summarize the

differences between baryonic and pair-enriched ejecta.

2 D E S C R I P T I O N O F T H E R E V E R S E

S H O C K M O D E L

Here, we briefly describe our RS model, then focus on the improve-

ments we have made to the calculation of emission from the RS. For

this calculation, we use the equations for the ejecta dynamics and RS

emission described in Kumar & Panaitescu 2003 (KP03), Panaitescu

& Kumar 2004 (PK04), and Nakar & Piran 2004 (NP04) and include

synchrotron and inverse-Compton (IC) cooling. We have added sev-

eral new components to the calculation, namely, (i) the effect of syn-

chrotron and self-IC scattering on electron cooling and synchrotron

self-absorption frequencies, (ii) IC cooling of RS electrons by syn-

chrotron flux from the forward shock (hereafter FS), (iii) absorption

of RS photons (particularly, in the radio band) in the FS region as

they traverse through the FS on their way to the observer, and (iv)

pair-enriched ejecta.

2.1 The standard model: dynamics and synchrotron

emission in the RS

The ejecta dynamics are determined by assuming an initial Lorentz

factor �0, the burst duration in the observer frame tGRB, number

density of the external medium n0 = AR−s where R is the radial

distance from the centre of the explosion, and isotropic equiva-

lent energy E 52 = E/1052 erg. The Lorentz factor of the shocked

ejecta with respect to the unshocked external medium is given by

(PK04)

� = �0

[
1 + 2�0

(
n0

nej

)1/2
]−1/2

, (1)

where n ej = E/(4 πmpc2 R2�2
0�) is the comoving ejecta density

and � is the lab frame ejecta width, taken to be ct dur + R/(2�2
0),

where tdur is the host-galaxy frame burst duration, t GRB/(1 + z).

When � ∼ ct dur at deceleration, we define this case to be the

non-spreading ejecta case (also called thick ejecta), whereas when

� ∼ R/(2�2
0), we define this case to be the spreading-ejecta case

(also called thin ejecta).

When �2
0n0/n ej � 1/4 near shock-crossing time (the time at

which the RS reaches the rear of the ejecta shell), the RS is rela-

tivistic and the bulk Lorentz factor � ∝ R(s−2)/4 and the ejecta radius

R ∝ t2/(4−s) (t is time in the observer frame), prior to deceleration

time, for the case of non-spreading ejecta. In the case of spreading

ejecta, �2
0 n0/n ej ∼ 0.3 for s = 0 and ∼0.5 for s = 2 at shock crossing

time, so the RS is mildly relativistic. The radial distance of the ejecta

from the centre of the explosion at the time when the RS reaches

the back of the ejecta shell (the shock-crossing radius) is given in

Table 1, as are the Lorentz factor and observer time at this radius.

See Table 2 for the scalings of variables with observer time be-

fore deceleration, numerically determined for the mildly relativistic

case.

The RS speed with respect to the unshocked ejecta as measured

in the lab frame is (KP03)

β0 − βRS = 1.4

�2
0

(
�2

0n0

nej

)1/2

, (2)

where βRS is the RS speed measured in the lab frame and β 0 is the

outflow speed measured in the lab frame as well. The above equation

is valid in all cases, from non-relativistic to relativistic RS cases. It

can be shown (PK04) that the radius at which the RS has traversed

the ejecta is within a factor of ∼2 of the deceleration radius for both

a wind and homogeneous external medium.

The rate at which the ejecta electrons are swept up by the RS is

given by

dNe

dR
= 1.4

�0

(
n0

nej

)1/2
Np

�
, (3)

where Np = E/(�0 mpc2) is the total number of protons in the ejecta.

For spreading ejecta, N e(R) ∝ R3/2 for s = 0 and R0.68 for s = 2

(determined numerically) and for ejecta whose width is dominated

by the GRB duration N e(R) ∝ R(4−s)/2.

After deceleration (shock-crossing time), the ejecta bulk Lorentz

factor is assumed to evolve adiabatically following the Blandford–

McKee solution, as described in PK04, as

�ej ∝ R−(3−s)/2
[

R(2a−3)�′a]−1.5(4−s)/(17−4s)
, (4)
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Table 2. Scalings before deceleration.

� = ct dur � = ct dur � = R+/2�2
0 � = R+/2�2

0

s = 0 s = 2 s = 0 s = 2

R t1/2 t t0.67 t0.88

� t−1/4 t0 t−0.17 t−0.066

γ ir t0.45 t0 t1.7 t0.62

f ν,X t−0.18+0.19p t1−0.5p t1.5(p−1) t0.012+0.082p

f ν,R t0.29+0.19p t−0.5(p−1) t−0.86+1.5p t−0.56+0.082p

Values of exponents in this table are determined numerically for mildly

relativistic spreading ejecta and determined analytically for relativistic

non-spreading ejecta, near, but prior to, deceleration time. t is the time

measured in the observer frame. For the non-relativistic case of �2
0 n0/nej �

1/4, � ∝ R0 and R ∝ t . f ν,X is the synchrotron flux for νobs > (ν ir, ν cr, ν ar),

and f ν,R is the synchrotron flux for (ν ir, ν ar) < νobs < ν cr. Scalings after

deceleration can be found in for example, PK04. Note: it is possible for f ν,X

to be decaying before deceleration because it peaks well before deceleration.

where a is the adiabatic index, set to 4/3 for relativistic ejecta and

5/3 for non-relativistic ejecta, and �′ = max(�ejct dur, R/2�ej) is the

comoving frame ejecta width. We take the ejecta expansion in the

radial direction to be relativistic when the minimum electron thermal

Lorentz factor in the ejecta is �10, and non-relativistic when it is

<10.

Synchrotron radiation from the shocked electrons is calculated

assuming a power-law distribution of electron energy with index

p, that is, dN e/dγ ∝ γ −p for γ > γ ir (where γ ir is the minimum

electron thermal Lorentz factor averaged over all of the electrons as

they cross the RS front), εBr, the fraction of energy in the magnetic

field, and ε ′
e, the minimum thermal energy given to the electrons;

γ ir = ε ′
e〈ep〉/m ec2, where ep = mpc2(�′ − 1) is the minimum thermal

energy per proton just behind the RS front, 〈ep〉 ∼ 0.5ep, and

�′ = �0�(1 − β0β) � 0.5

(
�

�0

+ �0

�

)
(5)

is the relative Lorentz factor of the shocked and unshocked ejecta.

Since �′ � 2, we cannot approximate the evolution of γ ir by as-

suming γ ir ∝ �′; we numerically calculate the evolution for radii

near the shock-crossing radius, the results given in Table 2. The

comoving magnetic field strength in the ejecta is given by B ′ =
[8πεBr n ej〈ep〉 (4�′ + 3)]1/2.

We note that γ ir can be less than 1, since γ irm ec2 is defined

to be the minimum thermal energy for electrons. We take into ac-

count that some fraction of the electrons are non-relativistic and

emit cyclotron radiation. We remove these electrons from the elec-

tron column density used for our synchrotron calculation, that is,

n col,r = N e(γ ir)
p−1/4 πR2, and set the minimum thermal energy

for electrons to be m ec2.

After deceleration, for adiabatically cooling electrons, γ ir ∝
V ′−(ae−1) ∝ (R2�′)−1/3, where V ′ is the comoving ejecta volume,

and the ratio of specific heats is a e = 4/3. The magnetic field is

assumed to be predominantly transverse and frozen into the ejecta,

decaying as B ′ ∝ (R�′)−1. When radiative cooling becomes less

important than adiabatic cooling, the Lorentz factor of electrons

cooling on a dynamical time-scale, γ cr (discussed in more detail

below), evolves in the same manner as γ ir.

The observer-frame synchrotron injection frequency is calculated

with

νir = 0.98q B ′γ 2
ir �

2πmec(1 + z)
, (6)
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where we use here and elsewhere the common notation of ν x being

the synchrotron frequency of an electron with a Lorentz factor γ x .

The synchrotron flux at the peak of the f ν spectrum is given by

Fpr = Ne Pνp �(1 + z)

4πd2
L

, (7)

where N e ≡ N e(R) is the number of electrons heated by the RS de-

termined from equation (3), P νp = 1.04q3 B/m ec2 is the comoving

power radiated per electron per unit frequency at the peak of f ν ,

and dL = 2c
√

1 + z[(1 + z)1/2 − 1]/H0 is the luminosity distance.

We use H 0 = 65 km s−1 Mpc−1 and for simplicity 	 = 1 and 


= 0. The factors of 0.98 in equation (6) and 1.04 above for Pνp are

from Wijers & Galama (1999) for the case of p = 2.

2.2 Inverse-Compton cooling and synchrotron self-absorption

We include the IC process to calculate electron cooling. The Comp-

ton Y parameter is obtained by solving the equation describing ra-

diative loss of energy for a single electron with a Lorentz factor

γ e

d
(
γemec2

)
dt ′ = −σTcB ′2γ 2

e β2
e

6π

×
{

f ′
ν′>ν′

a

f ′
total

+ τesγ
2
p β2

p

ν ′
pσT

∫
dν ′ f (ν ′)σKN

[1 + τsa(ν ′)]

}
, (8)

where primes denote variables measured in the rest frame of the

shocked fluid. The bracketed terms on the right-hand side are effec-

tively (1 + Y ); the first part, the fraction of energy emitted from one

electron with Lorentz factor γ c that is not absorbed by material in

emitting region, is given by

f ′
ν′>ν′

a

f ′
total

=

⎧⎨⎩
9x4/3−25.63
5x4/3−25.63

for ν ′
c > ν ′

a

3{2e−x √
x+√

π[1−Erf(
√

x)]}
e−x (2x3/2+6

√
x)+3

√
π[1−Erf(

√
x)]

for ν ′
c < ν ′

a

, (9)

where x = ν ′
a/ν

′
c and Erf is the error function. This equation is

necessary for calculating electron cooling, since ν ′
c can be less than

the self-absorption frequency, ν ′
a , in the RS.

The second part of the bracketed term in equation (8) is equiv-

alent to Y ; τ es is the Thomson optical depth to electron scattering,

γ p = min(γ i , γ c) and β p is the corresponding velocity in units of

c, ν ′
p = min(ν ′

i, ν ′
c), σ KN is an approximation of the Klein–Nishina

correction to the electron scattering cross-section, τ sa(ν
′) is the opti-

cal depth to synchrotron self-absorption, and f (ν ′) is the normalized

set of broken power laws describing the synchrotron spectrum [i.e.

f (ν p
′) = 1].

Both of the bracketed terms of the effective (1 + Y )

(equation 8) are dependent on ν ′
c and ν ′

a , and in turn, ν ′
c is also de-

pendent on (1 + Y ), so the equations for the three variables must be

solved simultaneously; this has been done for all numerical results

in this paper. It is, however, possible to semi-analytically estimate

ν ′
c when we assume that Y � 1 and IC does not contribute to the

cooling calculation (see Table 1).

The comoving frame synchrotron self-absorption frequency is

calculated by equating the comoving synchrotron flux at ν ′
a to flux

from a black body in the Rayleigh–Jeans part of the spectrum, or

2kT
ν ′

a
2

c2
= f ′

ν(ν ′
a), (10)

where kT = max[γ a , min (γ i , γ c)] m ec2. A frequent arrangement

of the RS break frequencies at deceleration is ν ′
i < ν ′

a < ν ′
c; in this

case,

ν ′
a =

[
f ′

p

2me

ν ′
i
(p−1)/2

(
q B ′

2πmec

)1/2
]2/(4+p)

, (11)

where f ′
p = Ne

√
3q3 B ′/(4πR2mec2) is the comoving flux at the

peak of f ′
ν .

The scalings of RS optical and X-ray flux with observer time

just before deceleration for the four cases of s = 0 and 2 and � =
(ct dur, R/2�2

0) are shown in Table 2. Only synchrotron emission is

included for these scalings (IC is also important in the X-ray), and

Y � 1 is assumed (the scaling for f ν,R is not affected, but f ν,X may

be).

After deceleration, if ejecta is in the radiative regime, we con-

tinue to calculate the RS cooling and synchrotron self-absorption

frequencies ν cr and ν ar and the effective (1 + Y ) by solving equa-

tions (8) and (10) simultaneously, as done before deceleration. If

adiabatic cooling is more efficient, γ cr decays as γ ir (Section 2.1)

and the self-absorption frequency is solved for using equation (10).

After ν cr falls below the observing band, the ejecta emission turns

off, and the observed flux is due to off-axis emission that decays

approximately as t−(4+p)/2 (Kumar & Panaitescu 2000).

2.3 Inverse-Compton cooling by an external source

We have also allowed for external sources of flux to influence the

cooling of electrons in the ejecta. In particular, we include syn-

chrotron flux from the FS incident on the ejecta in our calculation of

ν cr. The external synchrotron flux in the shocked ejecta comoving

frame is given by

fex = τes,excB ′
ex

2
γ 2

e,ex

6π
, (12)

where the subscript ‘ex’ denotes values from a source external to

the cooling calculation being done (here, FS flux is the external

flux incident on the RS ejecta), γ 2
e,ex is the average electron thermal

electron Lorentz factor squared in the FS. The equation for γ c which

includes the contribution of f ex to the electron cooling is:

γc = 1

χ1(1 + Y ) + χ2 fex/σKN,ex

, (13)

where χ 1 = σ T B ′2 t ′/(6 πm ec2), χ 2 = σ T t ′/(m ec2), and σ KN,ex =
[h ν p,ex γ c/(m ec2)]1+αex is an approximation to the Klein–Nishina

correction on the external flux, and ν p,ex is the peak of the ν f ν

spectrum in the FS; αex = − 0.5 if ν i,ex > ν c,ex, and (1 − p)/2 if

ν i,ex > ν c,ex. We also allow for FS synchrotron self-Compton flux to

influence RS cooling; however, the high energy (�m ec2) of the FS

synchrotron flux suppresses self-IC scattering, thus not significantly

contributing to the RS cooling calculation. We do not consider the

effect of RS emission on FS cooling; at most it is an order of unity

effect.

2.4 Absorption of RS photons in the FS material

We include the effect of absorption of RS photons in the FS material.

For a selected observing band, ν obs, the optical depth to absorption

is

τabs,FS =
{(

νobs

νaf

)5/3
νobs < min(νcf, νif)(

νobs

νaf

)−(p+4)/2
νobs > min(νcf, νif)

, (14)

where ν af is the observer-frame FS synchrotron self-absorption fre-

quency. Before deceleration, the shocked ejecta and FS medium
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are moving together; however, after deceleration, these regions are

moving at different Lorentz factors, and one must take care to use the

appropriate value of ν af when the RS photons are passing through

the FS.

After calculating the RS emission as described above, the absorp-

tion in the FS is taken into account by reducing the RS flux by a

factor of exp(−τ abs,FS). This exponential cut-off in flux can signifi-

cantly reduce the RS emission, especially for observations at longer

wavelengths, such as the radio.

2.5 Lepton-enriched ejecta

We include e± pairs in the calculation by simply adding a certain

number of pairs per ejecta proton, N ±, to the calculation described

above. We do not calculate the creation of these pairs; we make the

assumption that a certain number of pairs per proton are present

in the ejecta already, either being intrinsic from the source or be-

ing created by dissipative processes during the GRB, prior to the

afterglow stage.

We change the radiation calculation described above by multi-

plying the column density of electrons by the number of ejecta

pairs, L ≡ 1 + 2N± (1 is for the electrons already accompa-

nying the protons in the baryonic ejecta) and by dividing the

minimum electron energy by the number of pairs (i.e. the new min-

imum thermal Lorentz factor is γir/L). The dynamics calculation is

only altered when N ± � mp/m e. To account for the presence of a

high number of pairs, we alter the dynamics calculation by reduc-

ing the number of protons in the ejecta for a fixed burst energy by

Lep ≡ 1 + 2N±me/m p (see Table 1).

The RS minimum electron thermal Lorentz factor averaged over

the entire lepton population at shock crossing is

γir,+ = ε ′
er〈ep,+〉Lep

mec2L . (15)

Since the RS is only mildly relativistic in the spreading ejecta width

case, the addition of pairs to the ejecta quickly drops γ ir into the

Newtonian regime. The already low injection frequency in the RS

can be reduced dramatically by even modest L (see Table 1). The

injection frequency of course cannot drop below the cyclotron fre-

quency; we keep track of this in our numerical calculation.

The cooling frequency has very weak dependence on N ± (there

is dependence on N ± through Lep, but this only makes a difference

if N ± � 1000). If Y � 1 and νir < νcr, νcr ∝ L2(pr −2)/(4−pr ) (for

N ± � mp/m e). The dependence of ν ar on the pair content when

ν ir < ν ar < ν cr is νar ∝ L(4−2pr )/(4+pr ) for N ± � mp/m e; ν ar is also

fairly insensitive to pair content.

3 R E S U LT S

In this section, we describe the effects of IC cooling by flux generated

in the RS and FS, absorption in the FS, and the effect of lepton-

enriched ejecta on the RS emission, then determine if there are

observable signatures of pair-enriched ejecta. To ascertain the effect

of each of these new additions to our calculation over the entire

parameter space and a wide range of RS strengths for s = 0 and 2,

we randomly vary each parameter in the ranges: 50 � �0 � 1000,

1 s � t GRB � 100 s, 0.1 � E 52 � 1000, 10−3 � n0 � 100 cm−3

(10−2 � A∗ � 10 for s = 2), 10−5 � εBr � 0.1, 0.01 � ε ir �
0.1, 2.01 � pr � 2.91, and 1 � N ± � 1000 for 1000 test cases

(synthetic GRB afterglows). All of the parameters are assumed to

have uniform distributions in log-space with the exception of pr,

which is assumed to have a uniform distribution. The microphysics

Figure 1. Left-hand panel: ratio at deceleration of numerically calculated

ν cr (with IC cooling) to analytic estimate given in Table 1 (not including IC

cooling) for 1000 test cases in s = 0. The inclusion of IC cooling reduces ν cr

by a factor of roughly 10 over a wide range of RS strengths (ξ ). Right-hand

panel: ratio at deceleration of numerically calculated cooling frequency with

external cooling included to numerical value without external cooling, for

the s = 0 case. The legend gives the value of εBf in comparison to the value

of εBr, for example, for the red squares, εBf = 0.1εBr.

parameter ranges were chosen to be consistent with values found

from late-time afterglow modelling.

3.1 Inverse-Compton and external cooling

In the left-hand panel of Fig. 1, the ratio of our numerical value

of ν cr,+ to the analytical value given in Table 1 for 1000 test cases

is plotted against ξ , the dimensionless RS strength parameter, at

deceleration, for s = 0.2 Each RS parameter is randomly varied

in the ranges described above, except for N ±, which is set to 0.

For each of the 1000 cases, the spreading condition is evaluated at

deceleration, and the numerically calculated ν cr,+ is compared to

the analytical value in the proper ejecta evolution case.

The numerically calculated value of ν cr,+, which includes the

self-consistent IC and synchrotron self-absorption calculation as

described in Section 2.2, is in general about a factor of 10 lower

than the analytic value (not including IC losses) that is typically

used over a wide range of RS strengths. For those cases where

the numerical value is even smaller, the Compton Y parameter is

rather large (these cases are more abundant for the non-spreading

case, with relativistic RS). For s = 2 (not shown in the figure), the

analytical value of ν cr,+ can also be less than the numerical value of

ν cr,+. This is because our cooling calculation has taken into account

the fraction of the synchrotron flux that has been synchrotron self-

absorbed, reducing the rate of energy loss for electrons; synchrotron

self-absorption contributes more to the RS cooling calculation in

s = 2 than s = 0.

External flux influences the RS cooling calculation by decreasing

ν cr. If the FS radiation was produced with εBf ∼ εBr, the external flux

can lower ν cr via IC scattering by up to a few orders of magnitude

2 ξ = (l/�)1/2�
−4/3
0 , where l = [3E/(4πn0 mpc2)]1/3; ξ � 1 is relativistic

RS and ξ � 1 is the generic, mildly relativistic RS case. For ξ ∼ 2, the ejecta

is in the spreading regime with a mildly to non-relativistic RS (these points

are bunched very closely together in the figures, since ξ is virtually constant

over the dynamics parameter space for all spreading cases), whereas the

non-spreading ejecta case ranges from ξ � 1 to ξ � 2.
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for both s = 0 and 2 cases. The effect of external-flux IC cooling on

the RS synchrotron flux near deceleration in most cases is relatively

small; the effect is greatest in the X-ray band, where ν obs > (ν ar, ν ir,

ν cr), and flux here can be decreased by a factor of a few (IC flux is

also an important contributing factor to the total light curve in the

X-ray, and is not considered here). The more important effect of the

external flux is to decrease the cooling frequency below the R band

on a shorter time-scale after deceleration, causing the light curve to

fall off very steeply, as ∼1/t3, soon after deceleration. Overall, the

effect of external flux on electron cooling makes RS synchrotron

emission a little fainter at the peak of the light curve and fall off

faster after deceleration, making the RS synchrotron emission more

difficult to detect.

In the right-hand panel of Fig. 1, we show the effect of adding

external cooling to our calculation. We plot the ratio of the numeri-

cally calculated ν cr,+ with external cooling to ν cr,+ without external

cooling from the FS. We let pf = pr, ε if = ε ir, and try three cases

of εBf = (1, 0.1, 0.01) εBr. With external cooling included, ν cr in

either the spreading or non-spreading case can be reduced by up

to 3–4 orders of magnitude. This is true over a wide range of RS

strengths, and also for s = 2. The effect is strongest when εBf = εBr

and weakest when εBf = 0.01 εBr.

3.2 Effect of absorption in FS

Absorption of RS synchrotron photons in the FS is most important

in the radio, as the FS self-absorption frequency lies in this band. In

a large part of the parameter space, the low-frequency (∼4 GHz) RS

flux can be completely absorbed; in a another run of 1000 different

RS cases (varying the parameters as described above, and setting FS

ε if, εBf, and pf equal to RS values), we find that in approximately

15 per cent of 1000 test cases, the RS radio (8.5-GHz) flux is com-

pletely absorbed by the FS material. In approximately 40 per cent

of the test cases, τ abs,FS > 1 (including those cases where the RS

radio flux is completely absorbed), meaning that the RS radio flux

was decreased by at least a factor of 3. If we set εBf = εBr/100,

we find that 12 per cent of 1000 test cases are completely absorbed

in the FS, and in 23 per cent of the cases, τ abs,FS > 1. Absorption

in the FS may turn out to be a contributing factor to the difficulty in

observing RS flux in the radio.

3.3 RS emission with pair-enriched ejecta

Adding a certain number of pairs per proton to the ejecta adds an-

other parameter to the RS flux calculation, bringing the total number

of parameters in the RS to four, viz. ε ir, εBr, pr, and N ±.3 We need

four independent measurements of the RS emission to constrain

these four parameters. Flux in the optical and X-ray at early times,

spectral index and radio flux at ∼0.1 d are four quantities that can

be observed with the current generation of instruments.

For ν obs > (ν ir, ν cr, ν ar) (X-ray) with Y � 1 or ν ir < ν ar < ν obs

< ν cr (optical) for any Y , the observed flux at deceleration has a

dependence on N ± of

fν ∝ L(2−pr )

L5(2−pr )/4
ep

. (16)

For pr ∼ 2, this flux depends very weakly on the number of pairs

in the ejecta. For pr > 2, the X-ray and optical flux are decreased

3 FS microphysics parameters and the energy in the explosion, external den-

sity, and initial jet opening angle can be determined, as has been done in

the past, by late-time FS light curve fitting when the RS makes a small

contribution to the total flux.

Figure 2. Radio (8.5-GHz) light curve for s = 0 with the input parameters

E 52 = 3, �0 = 160, t GRB = 4 s, n0 = 1.6 × 10−3 cm−3, εBr = εBf = 4 ×
10−5, ε ir = ε if = 0.09, pr = pf = 2.5, N ± = 0, and z = 1. External cooling

and absorption in the FS are not included in this calculation. The solid line

represents the RS light curve with the above parameters and the FS emission

is shown by the dotted line. The three coloured lines alter the parameters in

the RS calculation as detailed in the legend.

from the N ± = 0 case as N ± is increased (for N ± � mp/m e),

but the shape of the light curve does not change (i.e. no breaks are

introduced by reducing the injection frequency below the low value

at which it already sits in the absence pairs in the ejecta).

In the radio, the observer flux for ν obs < ν ir < ν ar < ν cr is propor-

tional to L−1Lep. The flux in the radio is the most greatly affected

by the addition of pairs to the calculation, so the best possible place

to look for a signature of pair-enriched ejecta is in the radio wave-

lengths. In Fig. 2, we plot an example of RS and FS radio light

curves (8.5 GHz) without pairs (for burst parameters see figure cap-

tion) compared to three cases: (i) adding 100 pairs/p to the ejecta, (ii)

decreasing εBr by a factor of 10, and (iii) decreasing ε ir by a factor

of 10. All three of these actions produce very similar RS radio light

curves; the situation is highly degenerate, and it would be difficult

to distinguish the effect of pairs in the ejecta on the emission from

a variation in the microphysics parameters in the RS.

1000 RS test cases (parameters varied over ranges described

above with no external cooling or absorption in the FS) show that

the peak frequency of f ν , at max {ν ar, min (ν ir, ν cr)}, at decelera-

tion also has very little, if any, dependence on the number of pairs

in the ejecta for s = 0 and 2. This is also true if external cooling is

included in the calculation. This is in contradiction to the conclusion

that Li et al. (2003) came to; this is because, over a large portion of

the parameter space, the peak of the spectrum in both the baryonic

and pair-enriched cases is at ν ar, and ν ar has little dependence on

the number of pairs in the ejecta.

Thus, we conclude there is no single wavelength light curve sig-

nature that depends only on the pair content of the ejecta, and not

on the microphysics parameters in the RS as well.

3.4 Using optical and radio observations to determine

pair content

The best way to discriminate between baryonic and pair-enriched

ejecta is by comparing flux at low frequencies (radio band) and the

optical band. NP04 suggested a particular combination of the ratio

of observed RS optical and radio fluxes at the peak of each respective

light curve and the ratio of the observer times at which these peaks
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Figure 3. χ for pr = 2.5 and s = 0 for 1000 test RS numerical light

curves, excluding absorption of RS photons in the FS and external cooling.

We randomly vary all RS parameters but pr and N ±; other values of pr

give qualitatively similar results when adding leptons to baryonic ejecta,

however, χ for the reference purely baryonic case is higher for higher pr

and vice versa. s = 2 has qualitatively similar results which are discussed

in Section 3.4. The scatter in each case is caused for the most part by the

variation in dynamics parameters. There are some points with very low χ

cut-off from the bottom of the plot; these are caused when ν ar > ν cr, and

ν ar tracks ν cr in time (which evolves more quickly, leading to smaller t∗).

occur as a way of determining if the radiation is from the RS. We use

a similar combination to decide whether the ejecta is pair enriched.

The parameter we use to determine the pair enrichment (χ ) is

slightly different than that in NP04 (note the difference in exponents

on the ratio of observer times),

χ ≡
(

F∗
F0

)(
t∗
t0

)k

=
(

νopt

νradio

)(pr −1)/2

∼ 1000, (17)

where

k ≡
{

5(pr −1)

6
+ 9

8
s = 0

(pr − 1) + 5
6

s = 2
, (18)

and are determined analytically using decay indices after decelera-

tion of ν ir ∝ t−5/3 and F pr ∝ t−9/8 for s = 0 and ν ir ∝ t−2 and F pr ∝
t−5/4 for s = 2 (assuming spreading ejecta evolution for both cases).

As in NP04, t0 is the observer time peak of the optical RS emission,

t∗ is the observer time peak of the radio RS emission (the peak is

produced when ν ar falls below the radio), and F0 and F∗ are the ob-

served fluxes at these two points. The shell width at deceleration in

both shell evolution cases is ∼R+/�2
+ which is �R,4 so time-delay

between photons arising from the front and back ends of the shell

has small effect on the observed flux.

We plot χ in Fig. 3 versus the dimensionless RS strength pa-

rameter, ξ , in a run of 1000 RS cases as described in Section 3,

except that pr is held fixed at 2.5 and N ± is held constant for each

case. External cooling and absorption in the FS were turned off. For

N ± = 0, the value for χ can be larger or smaller by a factor of a few

from 1000 for a constant value of pr ∼ 2.5, and is fairly constant

over a large range of RS strengths. There are a few points which

are cut off the bottom of the plot with abnormally low χ – these

points are caused by ν cr falling below ν ar. When this happens, ν ar

tracks ν cr (since there are no electrons radiating above ν cr after the

4 This is true in the non-spreading case because of Causality – the distance

travelled by the shock front in the shell comoving frame is of the order of

R+/�+, which is R+/�2+ in the lab frame.

Figure 4. Left-hand panel: ratio of χ (no pairs) without external flux or

absorption in the FS to χ with external flux and absorption in the FS plotted

against the value of ξ at deceleration. Note that the ratio including absorp-

tion can go to arbitrarily high numbers, since radio flux can be completely

absorbed (χ = 0 with absorption in FS in these cases); some of these points

have been cut off the plot. Right-hand panel: ratio of χ calculated including

contributions of FS in just the radio and in both the radio and optical band

to χ calculated without FS contribution, plotted against ξ at deceleration.

RS reaches the rear of the shell), which evolves more quickly than

ν ar does when ν ar < ν cr, making t∗ and F∗ smaller. This scenario is

easily detected by checking the decay of the radio light curve after

the peak; if the decay is steep, like ∼1/t3, the abnormally low value

of χ is due to ν cr falling below the radio band with ν ar.

When pairs are added to the ejecta, we find that for N ± � 100, the

value of χ has dropped by a factor of about 5 for the parameter space

with ξ � 1.6 (ultra-relativistic to mildly relativistic RS). For N ± =
10, the value for χ ranges from ∼3000 when the RS is relativistic

(ξ � 1) to ∼200 when the RS is mildly to non-relativistic, making

it difficult to distinguish between baryonic and pair-enriched ejecta.

Compared with the range of χ for baryonic ejecta (greater or less

than 2000 by a factor of about 2), the drop in χ by a factor of 5 for

N ± � 100 could possibly be used as a tool to distinguish the pair

content of the ejecta. So, if observations are available for a burst

at the peak of the R band and radio RS emission, and pr is able to

be determined from spectra, we can calculate χ and determine if

N ± � 100 (it is not possible to determine the exact number of pairs

per proton, but only if N ± � 100). It will be extremely difficult to

tell if the ejecta has a pair content of N ± � 100.

In Fig. 4, in the left-hand panel, χ is shown including the effect

of adding external cooling and FS absorption to the purely baryonic

ejecta case. We repeat the calculation of 1000 test cases with pr =
2.5 and N ± = 0, and we set pf = pr, and vary ε if and εBf in the

same ranges as the corresponding RS parameters. The inclusion of

external cooling in the calculation does not affect χ much. The value

of χ is increased at most by a factor of a few from the calculation

without external cooling included, and still lies within the scatter

for the baryonic case shown in Fig. 3.

Including absorption in the FS, however, will invalidate equation

(17), since we assumed in deriving it that the RS radio flux at the

light curve peak is equal to the flux at the peak of the RS spectrum

at t∗. This decrease in F∗ by a large factor also decreases χ by the

the same factor (χ in this case could be �1). In Section 3.2, we

found that absorption in the FS can be a large effect for much of

the parameter space at 8.5 GHz. Absorption in the FS for observer

frequencies less than ∼10 GHz may indeed make it more difficult
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to accurately determine the pair content of the ejecta. However, at

higher frequencies, ∼100 GHz, FS absorption is less important and

one can calculate χ at these frequencies to determine N ± (note that

χ will be a factor of a few smaller at higher radio frequencies for

the purely baryonic case).

To determine if χ for s = 2 has similar properties to the s = 0

case, we carry out a numerical simulation of 1000 RS test cases for

s = 2 identical to that done for s = 0 (without external cooling or

absorption), finding qualitatively similar results as the s = 0 case.

With N ± � 100, the pair content is difficult to determine, but for

N ± � 100, the value of χ is about a factor of 5 lower than in the

baryonic case. In the purely baryonic case, χ ∼ 3000 for s = 2 and

this value ranges between a factor of 3 higher and lower. The spread

of χ values here is larger because the range of n0 = AR−s for s = 2

is larger than the range of n0 chosen for the s = 0 case.

Up to this point, we have not considered the contaminating effect

of the FS emission to the optical or radio RS emission at the RS light

curve peaks. It may be most difficult to distinguish RS from FS flux

in observed radio light curves, so we calculate the value of χ with

the FS radio flux included. In the right-hand panel of Fig. 4, we’ve

plotted the ratio of χ calculated (for s = 0) with the FS radio flux

contribution to χ without FS flux at the time which the RS radio

light curve peaks. Again, for 1000 test cases, we set pf = pr, set

N ± = 0, and vary ε if and εBf in the same ranges as the corresponding

RS parameters. We find that the value of χ can increase by a factor

of up to 100 from the RS only case, outside of the scatter in χ . In

60 per cent of the 1000 test cases, the FS radio contribution was

greater than the RS radio contribution at the RS radio peak. For

s = 2, this occurs in 83 per cent of the 1000 test cases. One needs

to separate the contribution of the RS and FS to the radio flux using

late time data in order to use this tool reliably to determine the ejecta

pair content.

If the RS radio peak was observed, but the light curve has signifi-

cant FS contribution, it may be possible to separate the contribution

of FS from the RS radio flux by continued monitoring of the radio

band for a period of a week or so, when the FS radio LC peaks. This

information can be used to determine the contribution of the FS to

the radio flux at the time of the RS peak, and χ due to the RS alone.

If the radio flux is dominated by the FS contribution during the RS

peak and the RS peak is not observed, then this tool cannot be used

to determine ejecta pair content.

We also find that the optical RS peak may be as difficult to observe

as the radio peak due to FS contamination, in agreement with the

conclusion drawn in NP04. In the right panel of Fig. 4, we also

show the ratio of χ with FS contribution (both radio and optical) to

χ with only RS flux. The inclusion of FS optical flux at deceleration

increases the scatter in χ even more; χ with FS flux ranges from

being 100 times smaller to 100 times larger than χ with RS flux only.

For the s = 0 case, the FS optical flux at deceleration is brighter

than the RS optical flux in 70 per cent of 1000 test cases; in the

s = 2 case, this occurred in only 30 per cent of 1000 test cases.

This is another difficulty in calculating χ for observed light curves.

However, as in the radio, if an RS optical peak is observed, the FS

contribution may be able to be removed if the optical light curve

is followed for long enough after deceleration to determine the FS

contribution to the total observed flux. We note that the fact that

the FS optical emission is larger than the RS optical emission at

deceleration in ∼70 per cent of test cases for s = 0 may explain the

lack of optical flashes and rapidly declining light curves detected at

early times.

Scintillation in the radio may also be a problem for observing the

RS radio peak due to the high level of variability that this process

introduces into the observed radio light curve, as was observed in

GRB 970508 (Frail et al. 1997; Taylor et al. 1997). The fluctua-

tions are more pronounced at early times, when the RS radio light

curve is expected to peak, because the source size is smaller. One

can reduce fluctuations from scintillation by observing at frequen-

cies higher than 8.5 GHz. Observations made at frequencies near

50 GHz and even in the millimetre range (250 GHz) may be more

suitable for determining χ and N ± because of the insensitivity to

scintillation at these frequencies. The effect of absorption in the FS

is also smaller for these higher energy radio photons (τ abs,FS > 1

for a much smaller parameter space), and the RS light curve peaks

at earlier times at these frequencies when the FS light curve may

not be as bright. With current technology, radio observations on the

time-scales necessary for calculating χ of few minutes/hours to days

after the burst are feasible at around 8.5 GHz. At higher frequen-

cies like the submillimetre, recent observations are typically being

done ∼0.1–1 d post-burst (Smith et al. 2005); the time-scale for the

submillimetre light curve peak is from a few minutes to a few hours

after the burst (up to about 0.1 d).

Other things that may limit the usefulness of χ as a tool for

estimating N ± include sparseness of sampling of the radio light

curve near the RS and FS peaks and breaks in the electron energy

distribution between the optical and radio. The sparseness of radio

data points near the RS and FS light curve peaks may introduce an

error into the determination of χ of a factor of a few. Panaitescu &

Kumar (2002) have found evidence in late-time afterglow modelling

of a break in the electron energy distribution between the radio and

the optical; one must be careful to choose the correct value of pr

(value of pr between ν ir and the optical band) for the calculation

of χ .

In summary, it is possible to use optical and radio flux and ob-

server times at the respective peaks of the light curves to determine

pair content if the number of pairs/proton is �100. There are many

factors, however, that one must take into account when using this

tool. The contributions to the optical and radio flux from the RS

and FS must be separated, which may be difficult and requires good

time coverage from ∼1 min to hours in the optical and ∼1 h to days

in the radio. In the radio band, below 10 GHz, absorption in the FS

and interstellar scintillation pose problems, and in order to avoid

these issues, one should use observations at a higher frequency than

∼100 GHz.

3.5 Constraining parameters with available observations and

upper limits

In Fig. 5, we plot the comparison of our numerically calculated

R-band flux at deceleration with the full analytical expression given

in the last row of Table 1 (p = 2.5 and z = 1) and in Appendix A

(full expression). The numerical calculation does not include exter-

nal cooling or absorption in the FS (the latter is unimportant for the

R band, but the former could decrease the flux by a factor of ∼2),

and all parameters are varied, including N ±. The analytical expres-

sions assume (ν ir, ν ar) < ν obs < ν cr and include pairs. For each

case of s = 0 or s = 2, we ran 1000 test cases, and separated these

1000 cases into two sets determined by their ejecta width at deceler-

ation. The blue line shown on each plot shows a linear relationship

for a guide, and the orange line shows the relationship if the numer-

ical flux were 10 times the analytically calculated flux.

In all four cases, the scatter around the linear relationship is due to

the estimations made for �ej and more importantly γ ir in the analyt-

ical expression. γ ir is more difficult to estimate in the non-spreading

case, since the range of RS strengths ranges from ultra-relativistic
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Figure 5. Comparison of 1000 test cases of numerically calculated R-band

flux at deceleration with analytical expression for each case of s = 0 and 2

(spreading/non-spreading). All parameters, including N ±, are varied. The

full analytical expressions assume (ν ir, ν ar) < νobs < ν cr and are given in

the last row of Table 1 for the case of p = 2.5, z = 1 and in Appendix A for

the general case. A linear relationship (blue line) and fR numerical equal to

10 times fR analytical (orange line) are shown on each panel for a guide.

to Newtonian. Since we use a mildly relativistic RS estimate for

the analytical expression, the analytical expression underestimates

the ultra-relativistic RS flux and overestimates the Newtonian RS

flux. Likewise, in the spreading case, we made an estimate of γ ir

being mildly relativistic; all spreading cases are mildly relativistic

to Newtonian, so the scatter around a linear relationship is much

smaller than for non-spreading ejecta. There is still a small bit of

scatter due to the value of γ ir that we chose (see Table 1), and the

analytical value is typically within a factor of a few to 10.

The analytical expression given in Table 1 is a good estimation

of the R-band flux at deceleration for both spreading cases. It is

less useful for the non-spreading cases; in the s = 2 non-spreading

case, the ordering of break frequencies assumed in the analytical

expression is often not applicable, and the linear relationship does

not hold over the entire parameter space explored – this occurs in the

top right-hand corner of the plot for this case. The cooling frequency

is typically lower in s = 2 compared to s = 0, and drops below the

other two break frequencies frequently in this calculation.

In Fig. 6, we have done the same calculation as described

above for Fig. 5, only here we have plotted the numerical

observer-frame R-band flux against only the parameter depen-

dences from the analytical expression for R-band flux. For ex-

ample, for s = 0, � = R+/(2�2
0), we have plotted numerically

calculated RS flux f ν against the analytical combination of param-

eters ε
pr −1
ir ε

(pr +1)/4
Br L2−pr n(pr +1)/4

0 �
pr
0 E52. The scatter (width) of the

spreading regions on this plot is mainly due to the variation of pr,

while the scatter of the non-spreading regions is due to pr and the

dynamics parameters. The s = 2 non-spreading case is again not

quite linear, for reasons discussed above for Fig. 5.

This plot can be used as a tool to constrain the burst parameters

using observed R-band flux or upper limits at or near deceleration

using the more accurate results of the numerical calculation. Also,

this plot can be used to view the ranges of expected R-band flux at

deceleration if the early afterglow is caused by the RS with baryonic

or pair-enriched ejecta. Lines are drawn on to the plot to compare

to the early afterglow detection of GRB 990123 at the peak (scaled

Figure 6. Observer-frame RS flux in the R-band at deceleration assuming

z = 1 and including pairs (no external cooling or absorption in the FS) plotted

against the parameter dependences in the expression for flux in the R band at

deceleration (without constants). All parameters are varied. The variable D
in the expression on the x-axis contains all of the dynamics parameters and

is different for each of the four cases shown: D = n pr /4
0 �

pr −2
0 E5/4

52 t−3/4
dur

for s = 0 non-spreading, Apr /2
∗ �

pr −2
0 E (5−pr )/4

52 t−(3+pr )/4
dur for s = 2 non-

spreading, n(pr +1)/4
0 �

pr
0 E 52 for s = 0 spreading, and A3(1+pr )/4

∗ �
1+2pr
0

E (1−pr )/2
52 for s = 2 spreading. The three dashed lines denote the observed

R-band flux at deceleration for GRB 990123 shifted to z = 1, observed upper

limits reported in Kehoe et al. (2001) from the ROTSE telescope, and the

V-band upper limit reported by Swift UVOT for GRB 050219a (Schady et al.

2005), shown for comparison to expected theoretical R-band flux from the

RS. Note that GRB 990123 was an exceptional burst – a very small fraction

of the parameter space produces optical flashes this bright.

from z = 1.61 to 1) and upper limits from Robotic Optical Transient
Search Experiment (ROTSE) and Swift.

We find that optical flash emission from GRB 990123 falls at the

very bright end of the distribution of RS R-band flux at decelera-

tion for all the four cases shown in Fig. 6. There are a great many

synthetic bursts in our calculation, especially in the case of s = 0,

spreading ejecta, with intrinsically low R-band RS flux levels for

burst parameters consistent with those found from afterglow mod-

elling. This may indeed be the reason that the growing number of

GRBs with rapid follow-up do not show a bright optical flash.

As an example of how to use Fig. 6 to constrain burst parame-

ters with optical data or upper limits near deceleration, we look at

the case of GRB 050219a. GRB 050219a was a 23.6-s long Swift-
detected burst with a fluence of (5.2 ± 0.4) × 10−6 erg cm−2 and

was detected in the X-ray by the X-Ray Telescope (XRT; Romano

et al. 2005). An optical upper limit from Swift of V = 20.7 was

found 96 s after the burst (Schady et al. 2005). We find that the

upper limit for this burst falls near the bottom of the distribution of

the non-spreading cases (although the distribution can be extended

to lower values of f ν,R using even lower limits for the ranges on

n0/A∗ and εBr) but is in the middle of the distribution for the two

spreading cases. It seems that RS flux fainter than this upper limit

is fairly typical in the case of spreading ejecta.

Using Fig. 6, we can make constraints on the burst parameters

of GRB 050219a (assuming that the upper limit of V = 20.7 ap-

plies at deceleration for this burst and there was no extinction).

In the s = 2 cases, we can make fairly severe constraints on εBr

and A∗. For example, using the plot for the s = 2 non-spreading

case, if we assume z = 1 [although see Berger et al. (2005) for the
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redshift distribution for Swift GRBs so far] and pr ∼ 2.2 we find

(see Table 1)

ε1.2
ir ε0.8

Br LepL−0.2 A1.1
∗ �0.2

0 E1.8
52 t−1.3

dur � 1.2 × 10−8. (19)

Using the observed burst duration and using the assumption

z = 1, t dur = 11.8 s, and estimating E52 from the fluence, we set

E 52 ∼ 2. We set ε ir = 0.1, a typical value, as indicated from after-

glow modelling (Panaitescu & Kumar 2002). Inserting these values

and setting �0 = 100 �0,2, we have

ε0.8
Br L−0.2 A1.1

∗ �0.2
0,2 � 5.3 × 10−7. (20)

Since the dependence of this relation on the number of pairs and

�0,2 is small, we can say that within a factor of a few, A1.1
∗ ε0.8

Br �
5.3 × 10−7, implying very small values for A∗ and/or εBr.

If we set εBr ∼ 10−5, on the lower end of the distribution of values

found from afterglow modelling (Panaitescu & Kumar 2002), A∗ �
10−2. Also, if we choose to make ε ir smaller for this burst than the

typical value we have chosen, say ε ir ∼ 0.01, then if A∗ ∼ 1, εBr �
10−7, still a rather low value.

If we try the s = 2 spreading case, we find similarly severe

requirements for A∗ and εBr. The expression for the spreading

case, however, is much more sensitive to �0,2, so the limits on A∗
and εBr are not as robust as in the non-spreading case above. For

A∗ ∼ 1 and �0,2 ∼ 1, εBr � 10−9. If we require εBr ∼ 10−5, then

A∗ ∼ 0.1. In summary, for the s = 2 density profile to apply, with

either spreading or non-spreading ejecta, the upper limit at 96 s re-

quires low values of A∗ or εBr near deceleration. For the s = 0 cases,

using the typical values above (ε ir ∼ 0.1), we find the optical upper

limit at 96 s to be less constraining on n0 and εBr.

4 D I S C U S S I O N

In this paper, we have calculated RS emission from purely baryonic

and pair-enriched ejecta. We take into account the mildly relativistic

nature of the RS (we allow for the full range of RS speeds, from

Newtonian to ultra-relativistic), and self-consistently calculate syn-

chrotron self-absorption and IC cooling in the ejecta. Additionally,

we have allowed for the ejecta to be cooled by FS synchrotron flux

incident on the ejecta and for the low-energy RS photons to be ab-

sorbed in the FS material as they move outward from the source.

We find that the flux in the R band at deceleration depends very

weakly on the ejecta pair content. The RS radio emission is affected

by ejecta pairs the most, however, the shape of the radio light curve is

not affected. The effect of pairs on any single wavelength light curve

(a reduction in the flux with increasing number of pairs per proton)

can be replicated by varying the shock microphysics parameters in

the RS; it is a degenerate problem. It is impossible to determine the

pair content of the ejecta from a single-wavelength light curve.

It may be possible to determine if N ± � 100 by using observations

of the RS optical and radio light curve peaks. By calculating χ (see

equation 17) using observations, one may be able to determine if

N ± � 100; one cannot determine the precise number of pairs per

proton with χ , but whether there are a significant number of pairs

present in the ejecta. The value of χ for purely baryonic ejecta is

fairly constant (for a given value of pr) over a wide range of RS

strengths; effects that may increase the spread in χ (reducing the

effectiveness of χ as a tool for determining ejecta pair content)

include absorption of radio RS photons in the FS, contribution of

the FS emission to the RS flux at the light curve peaks, and scin-

tillation in the radio light curve. External (FS synchrotron) flux

incident on the ejecta has little effect on the value of χ . By using

radio observations at higher frequencies, for example, at 50 GHz or

250 GHz (mm), effects of scintillation and FS contribution to radio

emission can be reduced, and χ , and therefore the pair content of

the ejecta, can be more accurately determined.

Li et al. (2003) have also looked at the emission from pair-

enriched ejecta; we agree that it is possible for a large number of

pairs to be present in the ejecta and that the resulting R-band flux is

largely insensitive to the number of pairs in the ejecta, however, we

come to different conclusions regarding the resulting ejecta emis-

sion. Li et al. (2003) predict a strong flash in the IR band; we find that

the peak frequency of the RS is largely unaffected by the pair con-

tent of the ejecta. Indeed, the injection frequency is reduced greatly

by even a modest number of pairs, however, we find that in the most

frequent arrangement of frequencies, the peak of f ν is at ν ar, which

is not affected by pairs much at all. Most of the difference between

our calculations results from the treatment of RS strength; we have

taken into account the mildly relativistic nature of the RS, where

Li et al. (2003) have approximated the RS as being highly relativis-

tic. Another contributing factor to the difference in our results is the

more careful and self-consistent calculation of synchrotron cooling

and self-absorption frequencies that we have done here.

In conclusion, RS emission from pair-enriched ejecta looks very

similar to that from purely baryonic ejecta. The most promising tool

to determine if GRB ejecta is pair-enriched, by the measurement of

the parameter χ defined in equation (17), depends greatly on well-

sampled observations near the peak of the light curves in the optical

and the radio; if the optical flash is seen quickly after the burst with

Swift or other ground-based telescopes, radio follow-up in frequency

bands between 50 GHz and 250 GHz (mm) from 15 min to ∼1 d

should provide some information about the pair enrichment of the

ejecta.
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A P P E N D I X A : R - BA N D F L U X AT D E C E L E R AT I O N

Here we write the full analytic expressions for the R-band flux at deceleration (in cgs units) for each of the four cases in Fig. 5.

fν,R = σTε
pr −1
ir ε

(pr +1)/4
Br L(5pr −7)/4

ep L2−pr (1 + z)(1−pr )/2

H 2
0 (

√
1 + z − 1)2

×

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0.018(5.2 × 1016)(1−pr )/2m(5pr −8)/4
p n pr /4

0 �
pr −2
0 E5/4

52

m(3pr −5)/2
e q(3−pr )/2π(6+pr )/4c9/4t3/4

dur

s = 0 ctdur

0.086(5.8 × 1014)(1−pr )/2 Apr /2
∗ �

pr −2
0 E (5−pr )/4

52 m(3pr −4)/2
p

m(3pr −5)/2
e q(3−pr )/2π3/2c(9−pr )/4t (3+pr )/4

dur

s = 2 ctdur

0.03(1.1 × 1018)(1−pr )/2n(pr +1)/4
0 �

pr
0 E52m(5pr −7)/4

p

m(3pr −5)/2
e π(5+pr )/4q (3−pr )/2c

s = 0 R
2�2

0

4.06(7.7 × 1016)(1−pr )/2cpr A3(1+pr )/4
∗ �

1+2pr
0 m(7pr −5)/4

p

m(3pr −5)/2
e π(3−pr )/4q (3−pr )/2 E (pr −1)/2

52

s = 2 R
2�2

0

(A1)
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